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A shear-mode piezoelectric accelerometer using YCa 4 O(BO 3 ) 3 (YCOB) single crystal was designed, fabricated and successfully tested for high temperature vibration sensing applications. The prototyped sensor was tested at temperatures ranging from room temperature to 1000 C and at frequencies ranging from 80 Hz to 1 kHz. The sensitivity of the sensor was found to be 5.7 pC/g throughout the tested frequency and temperature range. In addition, YCOB piezoelectric accelerometers remained the same sensitivity at 1000 C for a dwell time of four hours, exhibiting high stability and reliability. High temperature sensors are essential parts of structural health monitoring to ensure high performance and efficiency in structures such as turbine engines, internal combustion engines and electric generation plants. The sensors for these applications need to be designed so that they can work properly at high temperatures (>1000 C) for a duration time up to 100 000 h. [1] [2] [3] [4] During the past decade, many kinds of sensors such as thermocouples, platinum (Pt) strain gauges, silicon carbide (SiC) sensors, and fiber optic sensors have been developed for high temperature applications. Further advancement in order to obtain simple sensor structures with high sensitivity, high stability, long lifetime and higher operation temperature range has been actively investigated. [4] [5] [6] [7] [8] [9] [10] [11] In particular, thin film electrodes ($100 nm thickness), which are capable of withstanding high temperature operations, are crucial needs for high temperature sensors. 12, 13 Various thin film electrodes including Pt/Zr, Ir/TiAlN, IrO 2 / Ti, Pt/Ir, and Pt/Rh have been developed for high temperature applications. Nonetheless, their operating temperature is limited by degradation, such as high temperature oxidation and corrosion of thin film electrodes. [14] [15] [16] [17] [18] [19] Therefore, high temperature sensors without thin film electrodes are attractive for reliable high temperature applications.
On the other hand, high temperature piezoelectric sensors are of particular interest because they have simple structures, fast response time and easy integration with other parts. However, to date, most existing piezoelectric materials which have been used as sensing elements for high temperature sensors suffer from phase transitions, which can cause degradation of the piezoelectric properties or reduced electrical resistivity at elevated temperatures. 4, 5 Recently discovered piezoelectric single crystal yttrium calcium oxyborate YCa 4 O(BO 3 ) 3 (YCOB) is known for its stable piezoelectric properties and the absence of phase transitions up to its melting point ($1500 C). Together with its high resistivity, YCOB has been reported as a promising high temperature sensing crystal. 1,3,4 A high temperature monolithic compression-mode piezoelectric accelerometer using YCOB was fabricated and tested, demonstrating its stable performances at high temperatures up to 1000 C. 4 In this compression-mode sensor design, a Pt electrode was used, which could potentially cause sensor failure due to electrode degradation. In this letter, an electrodeless shear-mode vibration sensor was designed and fabricated, providing the best overall performance for piezoelectric accelerometer applications at high temperature.
In shear-mode accelerometers, the sensing crystals are clamped or bonded between a center post and seismic masses. Under acceleration, a shear stress from the seismic mass is applied to the sensing crystal, generating a charge signal. By separating the sensing crystals from the base, reduced thermal transient and base bending effects can be obtained in comparison with other types of accelerometers. Furthermore, the electrodeless structure provides more stable performance of the accelerometer at high temperatures because that there is no degradation of thin film electrode at elevated temperatures. Thus, simple and low profile electrodeless shear-mode accelerometers provide many advantages over compression-mode accelerometers. [20] [21] [22] [23] (YXt)-30 cut YCOB single crystals with dimensions of 10 Â 12 Â 1 mm 3 were fabricated for use as sensing components. The capacitance, resonance frequency and dielectric losses were measured using an impedance analyzer (HP4294 A). The shear mode electromechanical coupling factor (k 26 ), elastic compliance (s Figure 1 shows a schematic cross-section of the shear-mode accelerometer. Inconel 601 was chosen as the material for sensor components including seismic masses, housing, and signal wires because of its excellent resistance to high temperature oxidation and corrosion as well as excellent electrical conductivity. 22, 23 Four pieces of YCOB crystals (6) are arranged symmetrically on both sides of the center post (3) and they are rigidly secured via the seismic masses (1) by a bolt. The bolt (2), washer (4) and nut (5) clamp seismic masses and YCOB crystals. The clamping torque (0.6 Nm) was applied by the torque control driver (model 285-50, Wiha Quality Tools). One signal wire was welded to the base and another wire was clamped between the nut and the seismic mass directly. The bottom of the center post was bonded to an alumina rod (7) using a type of high temperature adhesive (Resbond 989, Cotronics Corp.). Seismic masses and the center post, which were made of Inconel 601 were electrically and mechanically isolated from each other, thus acted as electrical connections. Since there were no thin film electrodes, and no conductive adhesives on YCOB crystals, the accelerometer was expected to work reliably without the oxidation and corrosion of electrodes at high temperatures. Figure 2 shows an experimental setup for a high temperature test. The sensor was placed in the vertical tube furnace (Model GSL 1100X, MTI Corporation) through an alumina rod. The alumina rod was screwed on a vibration exciter which can provide a maximum force of 178 N (VG 100, Vibration Test Systems, Inc.). The function generator (Model AFG3101, Tectronix) produced a sinusoidal signal and this signal was amplified by a power amplifier (Type 2706, Bruel & Kjaer). Signal was applied to the vibration exciter to generate the desired vibration. The output charge signal from the sensing crystals was converted and amplified to voltage signal through a charge amplifier (Type 2635, Bruel & Kjaer) and monitored by an oscilloscope (Model DSO7104B, Agilent Technologies). At the same time, the acceleration from the vibration exciter was measured by a commercial accelerometer (Model 303A03, PCB Piezotronics), which was attached to the vibration stage of the exciter. This acceleration was recorded on the oscilloscope through a signal conditioner (Model 482A16, PCB Piezotronics). The generated charge from the YCOB device was recorded as a function of temperature (room temperature-1000 C), vibration frequency (80-1000 Hz), acceleration (1-5 g) and high temperature dwell time at 1000 C. The designed device resonance frequency was about 60 kHz; the sensor sensitivity was calculated to be 5.5 pC/g at room temperature and to have frequencies less than 1 kHz using following equations
where F, m, a, Q, d 26 , and S Q are applied inertial force to crystals, seismic masses (¼ 56 g), applied acceleration (1À5 g), generated charge, piezoelectric coefficient and sensor sensitivity respectively. Figure 3 shows the generated charge of the prototyped electrodeless YCOB accelerometer at room temperature and at frequencies ranging from 80 Hz to 1 kHz. The generated charge from the sensor increased linearly with the applied acceleration and had a slope of 5.4 pC/g, which corresponded closely with the designed sensitivity (5.5 pC/g). The inset of Fig. 3 shows the driving voltage signal from the function generator and the output voltage signal from the charge amplifier. There is a 180 deg phase shift due to the inverting action of the integrator circuit in the charge amplifier. Figure 4 shows the charge output of the sensor at 1000 C in different frequency ranges. The sensitivity of the sensor at 1000 C was found to be 5.6 pC/g, which is close to the room temperature sensitivity. Figure 5 shows the sensitivity of the prototyped sensor with increasing temperatures (25-1000 C) at the tested frequency range (80-1000 Hz). The sensor sensitivity remained to be reasonably stable in the tested temperature range. The average sensitivity was determined to be 5.7 pC/g throughout the tested frequency and temperature range. Figure 5 inset shows the sensitivity of the prototyped accelerometer measured for 4 h at 1000 C. The average sensitivity of the sensor was found to be 5.9 pC/g during the 4-h dwelling time. Slight sensitivity variation at elevated temperatures might be caused by temperature dependence of the elastic compliance, dielectric permittivity and piezoelectric constant of crystals. 1 The noise due to the heated air flow in the furnace could be another source causing sensitivity variations.
In summary, an electrodeless shear-mode piezoelectric accelerometer using YCOB single crystals was designed, fabricated and tested for high temperature vibration sensing applications. The sensor tests were conducted in frequencies ranging from 80 to 1000 Hz and temperatures ranging from room temperature to 1000 C. The sensitivity of the accelerometer was found to be 5.4-5.7 pC/g throughout the tested frequency and temperature range. Furthermore, stable sensitivity was observed from the 4-h dwelling test at 1000 C. More dwelling tests and microscale YCOB sensors will be investigated for further high temperature sensing advancement. C.
